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ABSTRACT

\\j§ The effeot of metal properties on hyperveloocity
penetration was investigated through the development of energy
balances on three target materials, tough pitch copper, 28 Al
and mild steel. The effeots of such parameters as kinetic
energy of impaot, orientation of projectile relative to target,
geometry of target and prior deformation before hypervelocity
renetration were examined through the calculated energy balances.
Conclusions were drawn concerning the relation of metal strength

parameters and hyperveloocity penetration, ./ v
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INTRODUCTION

During the course of the ourrent investigations on the
effect of metal properties on hypervelocity penetration a basio
idea of effeoting an energy balance was carried out successfully.
The problems encountered in developing this energy balance have
lead to an array of investigations, some of which have been
suocessfully completed and others of which have been investigated
only far enough to delineate the magnitude of the problem involved.

This summary report is designed to show the progress made
to date in pursuit of the original concept, as well as to delineate
the total problem as it is now understood.

For this reason this report is divided into eleven secotions
which are titled as follows:

l. Method of Performing Energy Balances

2. The Use of Hardness Measurements in the Determination
of Energy Balances

3. The Relation of Energy Balances to Projectile
Orientation

4. FEnergy Balances on 2S Al Air Gun Targets

5. Energy Balances on 28 Al Windowed Targets

6. Energy Balances on 2S Al Pre-Strained Targets

T. Nomographio Method of Energy Balance

8., Energy Balances on Statically Deformed Targets

9. B8tatio Energy Balances on Standard Tensile Specimens
10, Strength Parameters Related to the Partition of Energy

1l. General Disocussion
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METHOD OF PERFORMING ENERGY BALANCES

An earlier paper (1) desoribed a method of performing
energy balances for targets penetrated at hypervelooity. This
method employed the establishment of a dynamic mechanical energy
for a mgterial and its subsequent use to define the partition of
impaot kinetioc energy in variously deformed regions of the target
such as the orater or the strain affeoted region.

The mechsnical energy equivalent is generated by establish-
ment of a static true stress~true 3train curve for the target and
pellet materials., This technique and the underlying hypotheses
are desoribed by (2). Some parts of the mathematical end
experimental analysis of the targets have been improved and these
changes are discussed in sections of this paper. These changes
are a) the use of hardness measurements inatead of grain growth
to delineate the strain gradient below the crater and b) the
evaluation of a simpler function to give the energy of the strain
affected region., However, the postulates under which the energy
balances reported herein are accomplished remain as previously
expressed (1). The energy balance is expressed by:

Energy of Impact = Crater Energy + Strain Field Energy
+ Lip Energy + Projectile Breakup Energy

The strain field energy is expressed by:

Ee = Z2 [ o) - e fonegfod] ]
+ 2B e nek) - k) ]
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Strain
//, - Affected
Region

Sketoh of Target Cross Section

A summary of values for the targets on which energy
balances have been performed is found in Table 1. A plot showing

the spread in energy balances for 2S5 Al, Cu and mild steel is

shown in Fig. 1.

Table 2 summarizes the heat treatments given to the targets

prior to penetration.
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DEFINITION OF TERMS

m q
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orater radius

radius of affected region

height of cylindriocal portion of orater

crater volume

rupture stress defined by hypervelocity ourve
strain at r defined by observation of grain
atrain at T, growth or hardness measurements

constant in € = e‘“("'c)

-* -
constant in € = € (r c)
energy of orater formation
energy of affected region

angle between projectile and target

total ocalculated energy

kinetio energy of impact
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Material

Tough Piteh
Copper

25 Al

1014 Steel

25 Al

2024 A1

12

Table 2

Summary of Treatment of Targets

Prior to Deformation

Target No,
1,2,3,4,5,6,7

1 through 26,
31 W through 50W
(Window targets - W)

1 through 17

101 through 107

1 through 8

Heat Treatment

Packed in graphite, placed

in 1400°F furnace and

alloved to stabilize to 1400°F,
Held 2 hours at 1500°F, then
furnace cooled,

Heated from room temperature
to 1100°F; held 1 hour at
1100°F; furnace cool,

Heated to 1650°F; held 1-3/4
hours at 1700°F. and furnace
cooled.

No heat treatment, As received
stock forged from fouxr inches
to three inches,

As received stock
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Targets not Analyzed:

£8,tl,13,15,22,24,25, and 263 31W through 39W, 42,4344,
8,49

- &=

1014 Steel - 1,2,8,9,15

Several energy balances were performed on each of the mild steel
targets. This wrs due to an anomfly in the value of rupture strain.
The rupture strain, €:m' determined from the dynamic stress-strain

curve did not agree with the value derived from hardness measurements.

SN W -
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x 2S5 ALUMINUM
A 1014 STEEL
o TOUGH PITCH COPPER

CALCULATED ENERGY BALANCE ( X103 JOULES)

1 | 1 | ]

2 4 6 8 10
IMPACT ENERGY (X 102 JOULES)

Pig. 1. Comparison of Calculated Energy Balance with
Impact Energy for 2S Al, Cu, and 1014 Steel
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THE USE OF HARDNESS MEASUREMENTS IN THE DETERMINATION OF

ENERGY BALANCES FOR HYPERVELOCITY IMPACT

The "Strain versus Distance from Crater" graphs which were
used in the initial energy balances for copper and 25 Al targets (1)
vwere developed from grain size measurements on the individual
targets. Grain size, after annealing, as a function of strain was
determined from tapered tensile specimens of the two materials,

For both graphs, not only was the measurement of the grain sizes
tedious, but also the method was insencitive to low strain values
(strains below 3%). Thus a parameter more sensitive and, if possible,
more easily measurable than grain size was sought in order to develop
"Strain versus Distance from Crater" ocurves for all the materials
used as targets. Hardness was thought to be such a parameter since
hardness, like grain size after annealing, is a funotion of
deformation energy.

Three methods of measuring hardness were examined for each of
the materials used as targets. The three methods were: (1) Vickers
microhardness, (2) Rockwell hardness and (3) Width of scratch
made with a glasscutter under a constant load. The load was
varied for each of the methods in order to determine the most
sengitive testing conditions. It was noted after preliminary
testing that any one of the hardness methods could be used,
Naturally, the best method was desired. Seleotion of one of these
three methods was made in terms of reproducibility, sensitivity,

and the number of readings possible per unit length., Reproducibility
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was determined by taking several readings with each of the methods and
comparing the relative amount of scatter between the sets of data.
Sensitivity was decided by noting which method was most sensitive to
low strains. For the number of readings possible per unit length,

the three methods were rated as: (1) Continuous scratch made with
the glassoutter, (2) Vickers microhardness, and (3) Rockwell hardness.
For a given unit of length on any specimen more readings could be
made from the scratch than from the Vickers and more from the Vickers
than the Rockwell,

The three methods were compared on copper, 2S5 Al, 2024 Al,
and 1014 Steel. For all four materials it was found that the Vickers
microhardness method was the most reproducible and sensitive. The
Rockwell was second for all the materials. Therefore, the Vickers
microhardness (30 kilogram load) method was adopted as the standard
method for measuring hardness on the target materials.

The Vickers hardness measurements were not only reproducible,
they were also extremely sensitive to low strain values (being capable
of measuring strains as low as 0.1%). Thus, it was possible to obtain
"Strain versus Distance from Crater" graphs more accurately than with
the grain size method and also to measure the strain in any part on
the specimens. Therefore, the energy balances were sharpened in
accuracy.

One apparent problem has been noted. The hardness, like the
grain size after annealing, appears to be a function of strain rate.
Thus, the maximum hardness values on the hypervelocity targets are

relatively higher than those on standard tensile specimens. Rate
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studies are being made in order to determine the correlation between
hardness measurements and strain rate, Development of strain vs.
distance from crater in 2S5 Al is given in Figures 2, 3 and 4.

These plots were daveloped by first determining the
variation of Vickers hardness (ocross diameter of pyramidal im-
pressions) with strain level on a tapered tensile of target material,
Figs 2. Then a plot of hardness vs., distance from the crater was
made (Fig. 3). Finally, by oross plotting the two previous graphs,
Fig. 4 is obtained, a plot of strain versus distance from crater.

If this plot is made in terms of logarithm of strain vs. r, it is
possible to read off values of o< and c¢ in € = e—“(r—q

via the slope and intercept method (Fig. 5).
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50

10

L)

0.5+

o ! I I L0
| 2 3 4

DISTANCE FROM CRATER (CMS)

Fig. 5 - Strain vs. Distance from Crater
(Semi-Log)
2S Al Target No. 41 W
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THE RELATION OF

ENERGY BALANCES TO PROJECTILE ORIENTATION

In examining the results of the energy balances in Cu and 2S Al
at 2000-3000 Joules input it was found that some of the balances did
not agree with the known impaot energy within reasonable limits,
Energy balances are initmately dependent upon variables derived from
measurements on the targets. An examination of these target variables
wag necessary to determine whether a systematic change occurred in any
of them which was related to the energy balance error. When such a
procedure was carried out, the following observations were made:

1) The ratio of the crater volume of a target to the average of
all target orater volumes at a fixed impact energy is low whenever the
ratio of the energy balanoce, ET to the impact energy is low., The term
"low" means less than one,

2) The variables r, and r, defined earlier in the paper do not
vary much at the tested energy levels in aluminum and ccpper, but the
depth of the crater, Pc » has a variation an order of magnitude
higher than r_or rj (Tables 4 and 5).

3) Projeotile orientation is shown to govern this variation in
depth, and hence in volume, of the craterj however, only inferences
may be made as to the nature of this effect on energy balances in the

strain affected region,

Volume of Crater
In Table 3 the ratios of We. Volume of Grater (vo/vc) and
Total Computed Energy
Impact Energy

(ET/EI) are given for the targets discussed

herein, From the plots (Figs. 6,7) of crater volume (Vo) vs. impaot
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energy EI the mean values of these variables are linear for the
velocities tested. Since the projectiles fired into the targets were
disc shaped, they ocould give different effective areas as a source of
kinetic energy depending on their angle of tilt relative to the target
surface at impingement.

The geometry of the problem is the following: The
projectile is a diso., If normals are chosen to the target surface and
to the pellet surface, then the cosine of the angle between these
normals is proportional to the projected area of the pellet on the
target surface. That is, if @ is the angle in question, then cos @

is a minimum where the projected area is a minimum and is a maximum

where the projeoted area is a maximum,

Ei] Peflet

Thrjtt 5urfmx

Cos P =1 M;,x.‘rv\uum pny'e,d'e,«l avrea

Pellet

t Tn"JGt Surch,e

Ceg ¢ = 0 Mintmam Pro_'\e,cjul areq
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The angle ﬂ is measured by stereographic projection using BRL
values for two angles of rotation about independent axes.
From plots of crater volume (Vc) vs. cos. @ (Fig. 8) at

‘ constant energy a linear variation is observed. The minimum volume

occurs at ¢ = 0° and the maximum volume at ¢ = 90°, The dispersion
of points on these plots is felt to be due in part to a dispersion
of energies about the mean for each charge design.

Another source of error is the uncertainty of the pellet
orientation because the documentation of the angle is made at some
distance from the target surface. To examine this error the maximum
tolerable pellet rotation velocity is estimated and compared with the
value calculated from BRL's flash sequence on targets 31 - 50, If a
pellet translational velocity of 4 - § km/seo, a distance at radio-
graph of 5 cm and a variation in ¢ of 5° are chosen, this corresponds
to a maximum tolerable tumble rate of 1100 - 1400 r.p.s. Perusal of
the tumble rate values for the aforementioned flash sequence shows
that all but one of the values at the radiograph closest to the
target are below the maximum allowance. (On the assumption that
the pellet does not turn 180° + A @ or 360° + A, etc.)

The estimated error in cos @ for a 5° variation in @ is then:

Afcos ¢} = gingd a ¢
or A (cosf) = + .088 for AP = + 5° at @ = 90°
Unfortunately the charge designs were different at different
energies and the effect of pellet area on volume may not be isolated
from the effect of energy on volume as a function of pellet orien-

tation. Each line on the plot, Fig, 8, for a material and energy

Lo g
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gives only relative effects of projected area.

In terms of the energy balances the effect of pellet orien-
tation is not understood. Mathematioally, the greatest energy per
unit volume is asoribed to the crater region. Thus, when the orater
is small and the maximum extent of the strain affected region has not
increased (noting the aforementioned consistency of rh), the energy
balancea will obviously be low, Part of the answer in a physical
sense may be ‘n the use of the strain gradient function ¢ = o~ X (r-0)

This funotion contains only a radial variation which might bve
taken to imply deformation proceeding from a point source. A diso

projeotile striking on its edge is more closely a point souroce than is

the same projeoctile striking on its face,

———
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Target Cos # vo/vc ET/EI

1 961 0,798 0.748

2 .000 - E

3 485 - -

5 .139 1,080 1,045

6 .000 1,176 1,082

7 +000 0.948 0.915

8 .035 - -

9 .53¢  0.972 1.020
10 .643  o0.842 0.802
12 122 1.171  1.029
13 174 - -
14 139 1,020 1,016
15 «857 = =
16 .000 1,204 1,013
17 .866  0.798 0.728
18 .358 1,066 1,137
19 .809  0.749  0.694
20 .000 1,197 1.039
23 .848 - 0.770

26

Table 3

Cu

Target Cos f V /V = EJ/E
1 « 7155 0.805 0.733
2 .358 0.915 0,954
3 .000 1.h8 1,023
L .000 1.18 1.06
5 485 1.14 1,00
6 .875 0.712  0.952
T «995 E i



2S Al

2000 Joules

3000 Joules

9000 Joules

Cu
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Table 4
Diameter E
Target Penetration Crater c/D T/E
No, (om) (cm) ¢ I

1 1.26 2.26 0.56 0.748

2 1.85 1.99 0.93 =

3 1.53 2.18 0.70 =

L 1.41 2.32 0,61 -

5 1.77 2.25 0.79 1.045

6 1.73 2.14 0.81 1.082

T 1.66 2.17 0.76 0.915

8 1.46 2.29 0.7h -

9 1.36 2,34 0.58 1,020
10 1.29 2,28 0.57 0.602
11 1.86 2.38 0.78 -
12 2435 2.16 1.08 1.029
13 2.3%8 2.04 1.17 -
14 2.30 2.15 1.10 1,016
15 1,32 2.34 0.56 -
16 2.48 2,22 1.12 1.013
17 1.64 2.38 0.69 0.728
18 2.27 2,04 1.11 1.137
19 1.33 2.3%9 0.56 0.694
20 2.28 2.21 1.03 1.039
23 2.12 5.8¢c 0.50 0.770

2 0.72 2.39 0,30 0.954

3 1.09 1.83 0,60 1.023

L 0.83 1.75 0.42 1,06

5 0.73 1.63 0.45 1.00

6 0.73 1467 0oLk 0.952

0.755
0.000

0.000
0.485
0.875




28

60°* + 08°

Oc* ¢

92¢° + #1°2

9z2° + LG°1

gz° ¥ 8I°1 60° + #5°2 GO°® + 48°
60°LT 06°2 61
GO°T ¥ 8¢°9 #HO* ¥ 0%°2 Go* + 0T°T
94 ¥ Lz°4 B0°® ¥ 42°2 €20° ¥ 21°T
(0)°z
¢ a1q®g

000¢ 9-1

ny Yo3Td ySmog

€006 €2

_ (074
6¢ + 880¢ ‘61'0TLT
‘9réHTé2T

€66 T ON6T  «peglies

Tv s¢

saInopr *ON
AHNV £330uy 3ovdwy salxey,




29

zsddog yo31d ysnol - £81suyg joedu] °*SA SUNTOA Ia3aI]
(¢Ol X S$37N0r) ADUINI

G'¢ 0°¢ S’ ol S0

*g *H1d

39VH3AVY ©
S130MVL X

S0

o'l

Gl

0’2

(23) 3NNTOA




%0

TV S pateaouuy
£Sxaug govduwl °*sA I93BIH JO SunTCA L *3ITd

(gOI X S37NOFr) AO¥IN3
E % v

L 1

FO9VHIAAVY ©
S1395¥VvL X

ol

02

S¢

ot

ANNTOA

(02




31

& ¢ 579Uy uUOI3BIUSTIO FO SUTSO) °SA Id3BID JFO sumnTop °@ °2Td

¢ S0
ol 60 80 L0 9°0 SO ¥0 €0 20 10
T - ] - 1 1 1 ]
L3 h‘
2 L X
o
o T
v

§3INOr 0002 ¥34d0D HOLlld HONQL®
$37NOr 0006 MNNIKNY S2 ¥
S31NOr 000E WNNINNTY S2 D
s3nor 0002 MNNIWNNY S2 X

o]

Gi

(29) INNTO0A




32

ENERGY BALANCES ON 2S Al AIR GUN TARGETS

Energy balances have been completed for three of four 2S Al
targets received from Technical Operations, Inc, These cylindrioal
specimens were impacted with a 6.06 mg mylar projectile traveling
with an approximate velocity of 5 x 10# ft/eec. The fourth specimen
was not analyzed since the projectile was breaking into two pieces at
the time of impact.

Two of the targets were annealed in order to determine the
variation of grain size as a function of strain. The energy balances
were then carried out in the same manner as previously desoribed (1).

The third target was analyzed using the hardness technique,
Again, it was found that strain obeyed the expressions

- e‘«(r'()

The results of the energy balances are as follows:

Specimen No, Given Input Energy Calculated Energy
3442 656.7 joules 82.5 joules
3444 690 joules 109.4 joules
3445 622  joules 152.8 joules

It was concluded that the input energies were probably in
error due to an inaccurate value of velocity. Our results would tend
to indicate that a velocity of approximately 2.0 to 2.5 x 10u ft/sec

would be more reasonable.

—— e
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ENERGY BALANCES ON 2S Al WINDOWED TARGETS

Energy balances have been completed on five 25 Al windowed
targets. Windowed targets are those having two parallel sides
containing the direction of pellet travel. The parallel sides
were machined on the sides of the 3 inch diameter cylinder target
thereby reducing the minimum oross sectional value from 3 inches
to 2 inoches. The impaot energy for these specimens was approximately
3,000 Joules.

Hardness measurements were used to delineate strain as a
function of the distance from the orater on the unannealed seotioned
targets. After taking into account the average strain due to
machining the target while being seotioned, ourves which were
approximately exponentially decaying were obtained., Therefore, we
again use the equation

- w(r-c)
€ =€

The calculation of the energy terms was done in the same
manner as for previous 25 Al oylindrical specimens. We did not
take into account the change of geometry of the specimen. This is
probably the reason why every energy balance completed was high,
Also, it was noted that for this impact energy, the target was

not semi-infinite. The energy balances were as follows:




Specimen Impaoct Energy Calculated Energy

Number (Joules) (Joules)
Lo W 3183.0 hos2.9
bl w 37547 4537.0
b5 W 2716.7 326842
45 we 2716, T* 3648, 2%
b7 W 2658.5 4119.6 ?
47 wWe 2658, 5% 2903 .9* |
50 W 29351 o6

*
Different analysis because of distinct wvariation in the value of

o in € = e o (r-0)
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ENERGY BALANCES ON 2S Al PRE-STRAINED TARGETS

In the light of the energy balance technique the effeot of
prior cold working of 25 Al on its hypervelocity deformation
behaviour was studied. Since cold working introduces strain energy
in a metal, the strained metal should absorb less energy than is
absorbed in the annealed state prior to rupturing. This decreased
ability to absorb energy would infer a larger crater volume and/or
strain affected region in comparison with hypervelocity penetration
of the annealed metal., In effect, it was hypothesized that the
energies of two deformation processes raising the strain level above

the annealed state would be additive. The dynamic material properties

governing the metal's behaviour would then be related to an annealed
state by oonsideration of energy addition. Data indicate that this
is not the case. The crater volume was smaller in the forged targets ,
than that resulting from hypervelocity penetration of annealed 28 Al, |
SBeven oylindriocal 28 Al annealed specimens were forged from
approximately four inches in height to approximately three inches in
height. The specimens were then machined on a lathe to dimensions
of 3 inoch height and 3 inch diameter. The specimens were then used
as targets ror the impact of hypervelocity projectiles of APG Charge
Design No. 12,
The targets were sectioned through the ocenter of the crater
and polished so that Vickers Hardness (30 kg load) measurements oould
be made. The hardness measurements were analyzed and correlated to
their corresponding strain values. Then, a plot of "S8train vs.

Distance from Crater" was obtained. The "Strain versus Hardness
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Measurement" curve for annealed 2S5 Al specimens was used in order to
determine the "Strain vs. Distance" curve. The "Strain versus
Distance" ocurve plotted on semi-log paper was quite different from
any previous non-forged 23 Al specimens. Generally, there was a
short length exponentially decreasing portion starting at the orater
edge and extending approximately one centimeter. Following this
portion there was a region of constant strain (generally of a value
around 30%) which then decreased to some lower strain value at

large distances from the crater (4 om).

The specimens were analyzed by assuming that the constant
strain level observed on the "Strain vs. Distance" curves was the
average strain imposed on the specimen during forging. This strain
value was subtraoted from every strain value on the "Strein vs.
Distance from Crater" ocurve in order to obtain the "Strain vs.
Distance"” graph for the hypervelocity impact. The resulting ocurve
was exponentially deocaying.

Energy balances were performed in the same manner as on any
of the previous 28 Al specimens. The energy balances thus obtained
are presented in Table 1. (Targets 101-107.)

From Tables 1 and 5 the crater volumes of forged targets
are all less than the mean value of orater volumes in the annealed
targets (1 through 10) penetrated by the same charge design (CD-12).
The energy balances were not in agreement with the impact energy.
The energy balance discorepancy is thought to result from the

following:

1) Hardness measurements on the base of the fired targets were
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extremely variable. This variation was probably introduced in the
forging operation which also produced considerable "barreling" of

the targets. This inhomogeneity carried over after the firing and
made the strain affected region very difficult to analyze,

2) The dynamic rupture stress used in the energy balances was
the value obtained for annealed aluminum, This had been felt to be
Justified on the hypothesis that dynamic rupture was dependent
upon the metal's ability to absorb energy above some initial state
and that energies absorbed would be additive in terms of producing
rupture, On the basis of the orater volume data it appears that the
naterial® dynamioc strength properties have changed and that a
different dynamic rupture stress should be considered,

Energy balances (Targets 104 and 105), see Table 1, were also
computed using the strain field without correction for the initial
deformation in forging. The estimated energy absorbed in forging
was subtracted from the energy balance and the remainder ocmpared to
the impaot energy of hyperveloocity deformation. The values listed in
Table 1 are far too high to be reasonable. Comparison of these
values, however, does not test the hypothesis about energy addition
because of the uncertainty of the effect of cold working on the
dynamic strength properties of the metal. We have been able to show
only that, using the dynamic strength properties of the annealed
metal, neither addition of the strain levels nor addition of the
energies imposed in deformation leads to good energy balances.

The energy balances should be repeated with oconsideration

given to the effect of cold working on strength properties before

any conclusions are drawn.
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NOMOGRAPHIC METHOD OF ENERGY BALANCE

To decrease the time required to perform the energy balances
which involved extremely laborious arithmetic, a nomographical
technique of energy balance was developed. A nomograph like the slide
rule uses the addition and subtraction of lengths to represent the
operations of normal arithmetio; however, a nomograph is set up to
solve a specific equation for a certain range of variables rather
than performing operations of multipliocation and division (3).

First, it was found necessary to simplify the funotion for
the energy of the strain affeoted region, EAR' This expression may

Just as well be solved from the form

¥ Yo (J»(
EAR = v{q\g(ﬂ ‘?éc(v + Ld;}g(\-\ _J;z'.:lr

vhere
VB is the spherical portion of the strain affected volume
voyl is the cylindrical portion of the strain affected

volume,

Evaluating this integral explicitly:
PR
EAR = k {En ("B*&\t +¢T:"-] - €, ‘.(r&*k) = ]}
PRI

Cm
where = Z‘—’f&'—

K = kh
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The energy of the crater Ec is found by taking the produot
Uﬁl € mvo’ This is aotually in error by a term involving the

elastic energy, but neglecting this term introduces an error much

smaller than nomographic accuracye.

By nomographic techniques, a once laborious calculation has
been reduced to a 10 minute procedure., The nomographioc method gives
answers within slide rule accuracy. Copies of the nomographs and

instruotion for use can be procured upon request from the authors.

————— A —
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ENERGY BALANCES ON STATICALLY DEFORMED TARGETS

In order to examine the validity of the energy balance
technique used on hypervelocity targets, analogous energy balances
were performed on statically deformed 25 Al targets and on a 25 Al
and two mild steel tensile speocimens., Evidence of the wvalidity of
scaling the strains derived from hardness measurements on dynamically
deformed material was provided. This evidence came from the essential
linearity in the plastic region of energy/volume vs. strain in the
tensile specimens. The necessity for further investigation to
determine the nature of the consistent difference between mechaniocal
work as defined from a load deflection ourve and plastic work defined
by the material stress-strain curve is suggested by the results
presented. Understanding the difference between the dynamic and
static cases may lead to a better understanding of concepts such as
stored energy of cold-work. The consistent difference between input
energy as caloulated from a load deflection curve and the energy
balance from a stress-strain ourve (static) is troublesome, sinoe
the data indicate that the total input energy as defined oannot bhe
aoccounted for from considerations of the plastic work expression

E - j[gsae dv
v

Static energy balances were effeocted for four 25 Al annealed
speoimens. Using the Universal Testing Machimne, 1/2 inch diameter
steel ball-bearings were impressed on three ocylindrical specimens at
the rate of 0.00165 inch/second. A 1/4 inch diameter steel ball-
bearing was impressed on the fourth specimen at the same rate. The

area under the measured "Load-Deflection'" curve was used as the
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input energy for each specimen. The specimens were then sectioned in
half through the ocenter and polished so that Vickers Hardness measure-
ments ocould be made. The hardness measurements, as a function of
distance from the approximately hemispherical orater, were used to
obtain a "Strain versus Distance from Crater" curve for the
particular specimen. It was found, as in the hyperveloocity targets,
that strain could be expressed as a function of the radial distanoce
from the orater center by the formula

- fr-c)
€~ e

where ™ and € are constants determined from physical measure-
ments. (See Reference (1).)

In order to evaluate the energy in the specimens it was
necessary to know stress as a function of strain for 28 Al specimens
tested at standard rates. The stress-strain curves of two standard
tensile specimens (25 Al No. 15 and 28 Al No. 16) were used. These
stress-strain curves were olosely approximated by two straight lines.

Thus,

o= A6 +3 (From 0,00 in./in. strain to 0.05 in./in. struin)
and

0 - A€ + B, (From 0.05 in./in. strain to 0.735 in./in. strain)
The average values of the coefficients were found to be the following:

= 111,000 psi B, = 4,100 psi

26,277.# pai Bz bad 8'28601 psi

4

A2 -

Using this information, it was possible to caloulate the
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energy from the formula,

E-{ " g | [_oglr] dr

For our particular problenm,
nt, o
E = xR, [(:-&+¢“

- -3 r
o e BV - ) [ - R BV ]
ORI o O LA (T2 +£,)&J

-r(er-eay (B-B) [ -0

T, is the radius of the orater formed; ry is the radius measured
from the center of the crater, corresponding to the strain ey. € ¥
equals a strain of 0.05 in./in. in our problem. r_ is the radius
corresponding to the strain €o = 0,01 in./in.

Using the measured values for these parameters energy

balances were obtained as shown on Table 6.

Notet While effecting these static energy balances, it was shown that
hardness measurements could be used to determine the effective strain
placed in the surface layer (& thin volume element) of a specimen
during machining. For the relatively soft 2S5 Al specimens, it was
found that machining on a lathe (with light cute) and/or polishing on
a coarse belt produced 2.5 to 3.0 per cent strains in the surface
layers. These strains, due to machining, had to be subtracted from
the meeasured strains in order to obtain the correct strain resulting

from the deformation in question,

z..) & 7E(R7 A "t+—r’—+‘z")f2]
g & e[ Ba
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STATIC ENERGY BALANCES ON STANDARD TENSILE SPECIMENS

Energy balances were performed on two standard 1014 steel
tensile specimens. The standard tensile specimens were machined to
specification and then annealed (brought to 1650°F., held for five
minutes, then furnace cooled).

Using the Universal Testing Machine, the specimens were deformed
in tension until rupture. During the tension tests the loads, deflections
(aoross a two inch gauge) and diameters were recorded.

The areas under the "Load-Deflection'" curves were used as input
energies. From the true stress - true strain curves modified as
previously report (1), a graph of "Energy per Unit Volume versus Strain®
was oonstructed. The two specimens were then mounted and sectioned in
half parallel to the tensile axis. Vickers Hardness measurements were
made along the specimen and analysed so that strain, as a function of
distance from gauge mark (or rim), could be determined. Then, knowing
the strain at each length interval of the specimen and measuring the
cross sectional area of each interval of length, it was possible to
obtain the energy in eaoh such interval. The total energy was the
summation of energies of each interval. This total energy was com-
pared to the input energy.

The following balances were obtained:

Specimen No. Input Energy Measured Energy
1 8,400 in-1b 6,078 in-1b

2 9,100 in-1b 7,026 in-1b
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A similar static energy balanoce was done on a 25 Al tensile
specimen. The results were as follows:
Specimen No. Input Energy Measured Energy

20 1,944 in-1b 1,145 in-1b

From the plot in Fig. 9 of energy/volume ve. strain it is found
that in the tensile specimens there is virtually a linear relation
between these quantities. A linear relation (with a different slope)
is postulated in hypervelocity for deformation between energy/volume
and strain, Fig. 9. This indicates that the error in scaling up the
strains in dynamic deformation determined from correlation with
hardness measurements on statically deformed specimens 1is negligible.
That is since the ratio of dynamic energy/volume to statio energy/volume
is essentially a constant for all strains, then it is permissible to
multiply strains determined on the targets from static strain vs.
hardness plots by a constant in order to obtain the dynamic balances.

Static energy balances by the above method have proven con-
sistently low, accounting for only 60 - 70% of the work done on the
test pleces computed from the load-deflection curve. The energy which
can be accounted for is taken as that value caloulated from the usual

sxpression for the energy associated with plastio work:

E - fv [Jede] v

The difference in the values from the two definitions of energy
is consistent enough that the choice of one as being more meaningful
than the other is not felt to be well founded a priori to an experi-

mental determination (via calorimetric studies) of heat evolved during
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the deformation of metals. On the other hand, whichever definition
of energy is chosen, it is felt that the other is related to it in a
predictable and explicable manner.
Two questions raised are not answerable at this time:
1., Why is the difference between the energies so consistent
and will this consistency carry over to the hypervelocity
case?
2. What fraction of the work done is actually residual strain

energy and what fraction is heat or other dissipative loss?
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STRENGTH PARAMETERS RELATED TO THE PARTITION OF ENERGY

It was stated in a previous report (1) that as the orater
takes on an appreciable size, the ratio of the crater volume to the
strain affected volume rapidly approaches a constant value in 25 Al of
.15, While the energy associated with these respective volumes is pnot
in the same ratio, it is possible to ocalculate it from energy balances
at the 2000 Joule level of impaot energy in Ou and 28 Al and to pre-
diot this ratio from considerations independent of the energy balanoes. A
The observed correlation of these independent derivations of the
ratios of crater energy to major strain affected region energy gives
some evidence of the validity of the energy balance technique, The

aforementioned ratio is shown to be given in terms of parameters

already known and which are properties of the target and projectile
materials at hypervelooity. l
For the purposes of this discussion Cu and 28 Al at 2000 Joules
impact energy are investigated for the reason that at this energy the
targets have been of suffiocient size to aoccount for the impact energy
as having been dissipated in the formation of the orater, the high
strain region associated with the material adjacent to the crater,
aﬁd the low strains in the remainder of the speoimen. In other words
our energy balance technique is able to aoccount for the energy of
impaot as being dissipated primarily through deformation of the
specimen.
In performing energy balances the energy of orater formation

was represented by the amount of energy required to raise the material
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which once occupied the crater to rupture stress and rupture strain on
the presumed hyperveloclty stress-strain curve. The energy/volume
necessary to do this is the rupture stress x rupture strain less a
small term for elastic energy. This product is denoted as K. Let Eo
be the energy of orater formationj then 1) E0 = ch’ where Vc is
the crater volume.

Empirical observations made on the relationship of crater
volume as a function of the impact energy re-emphasize the cften made
point that there is a linear relationship between these two quantities
at the velocities which were studied. If we plot crater volume vs.
impaoct energy and denote the slope of this straight line which passes
through the origin by M; then we may say that:

2) V, = ME[, vhere E. is the impact energy.

I

Since our energy balances infer that the energy of impact may
be aoccounted for by the energies of crater formation and strained
regions we may writes

3) B = E, + B

or

k) By - E, = E,p

where E

AR is the energy associated with deformation adjacent to the

orater,
EAB is caloulated from the energy balance tcchnique previously

desoribed. The ratio of the orater energy to the energy of the
E

E

deformation of the remainder of the material is obviously (¢}
AR
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E E
[+] [}
Noting that from 4) E = E_ - E, then . ——
AR I c EAR EI Eo
B
From relatione 1) and 2) we may solve for the ratio T F in
I o

terms of the material oconstants X and M, Doing this we find

(1] - KM
E_ - B l] - KM
I c
or
Eo - KM
EAR 1 - KM

Since K and M are material constantes, it is possible to determine the
partitioning of the energy between the orater and remaining deformed
material in terms of strength properties. These properties are
derivable independent of the energy balances. K is a dynamic modulus
of toughness of the target and M 18 the slope of Vo V8. EI and is
dependent upon the material of the target and projectile,

Table 7 gives a comparison of average values of Eo and

Eir

KM for 28 Al, Cu and 1014 steel targets tested at 2000 Joules.
l -KM

The agreement of these independently determined ratios gives
evidence that our energy balance is consistent with other experimental
observations. A parameter T—gﬂiﬁ is presented which may be useful
in evaluating the relative behaviour of materials in terms of energy
absorption at hyperveloocity. In the energy range tested, K is
specifically a constant of the target material, M is a constant of
the target and projeotile materials., The energy partition parameter

will depend only on these variables so long as the target is of
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gsufficient size to absorb all of the impact energy.

Finally, it should be noted that the velocity ranges tested
here gre from 3 - 5 km/sec and are such that the use of strength

properties of the material in evaluation of energy dissipation in the

target seems justified (4,5).

P .__Q-A_J
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GENERAL DISCUSSION

The evidenoce of the validity of the energy balance technique
must be based upon the results it obtains. Agreement with impaot
energy is very good in instances where the major deformation is ocon-
fined within the targets, that is where gross deformation (bulging of
the sides, e.g.,) did not ocour. However, for the 3 in. x 3 in,
oylindrical targets at 9000 Joules impact energy considerable
bulging does ocour. This same effect occurs to an even greater extent
in the window targets. For these cases the energy balances wvere not
good,

Strength parameters have been shown to play a role in hyper-
velocity deformation at the veloocities and energies tested., Yet the
energy balances per se have been couched in certain assumptions about
the hypervelocity behaviour of metals. Independent experiments must
be made to verify or disoredit these assumptions.

The hypothesized stress-strain curve implies that deformation
prooceeds at a constant level of stress with a strain hardening index
of 0. Hardness measurements below oraters in the targets indicate that
there is an increase of hardness. This would contradict the above
assumption unless it can be shown that a delay time for strain
hardening does exist. This would allow deformation to oocour and then
to be followed by hardening.

To correlate dynamic strains with a statio strain ve. hardness
plot the hardness level at a given strain was assumed to be a function
of strain rate as well as the level of strain. Some indication of

thie scaling of strain values is mentioned in the seoction on

R i i ettty

a2
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Static Energy Balances. The evidence is not direct and further study
is necessary on this aspect of the energy balance teohnique.

Correlation of volume with pellet orientation at impingement has
been made. Indications are that the pellet orientation affects the
energy balance, but the nature of this variation in terms of parameters,
such as ® , has not been established. Work with forged targets,
stationlly loaded standard tensiles and statically impressed targets
has opened questions concerning the nature of the energy absorbed in
deformation of metals. These questions are of a fundamental nature
and involve an investigation of definitions of work by a load

deflection ourve as opposed to a definition of plastioc work by the the

expression: j‘{fﬂ&} ay

lama

Another question concerns the partitioning of the work done in
any deformation between heat energy and/or other losses and the energy
which remains latent in the specimen, This residual energy of
cold~work may be related to the increase of dynamic strength properties

and thereby shed light on the behaviour of the forged targets.
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